Objective: Available treatment for obesity and type 2 diabetes mellitus (T2DM) is suboptimal. Thus, identifying novel molecular target(s) exerting protective effects against these metabolic imbalances is of enormous medical significance. Sirt6 loss-and gain-of-function studies have generated confounding data regarding the role of this sirtuin on energy and glucose homeostasis, leaving unclear whether activation or inhibition of SIRT6 may be beneficial for the treatment of obesity and/or T2DM. Methods: To address these issues, we developed and studied a novel mouse model designed to produce eutopic and physiological overexpression of SIRT6 (Sirt6BAC mice). These mutants and their controls underwent several metabolic analyses. These include whole-blood reverse phase high-performance liquid chromatography assay, glucose and pyruvate tolerance tests, hyperinsulinemic-euglycemic clamp assays, and assessment of basal and insulin-induced level of phosphorylated AKT (p-AKT)/AKT in gastrocnemius muscle. Results: Sirt6BAC mice physiologically overexpress functionally competent SIRT6 protein. While Sirt6BAC mice have normal body weight and adiposity, they are protected from developing high-caloric-diet (HCD)-induced hyperglycemia and glucose intolerance. Also, Sirt6BAC mice display increased circulating level of the polyamine spermidine. The ability of insulin to suppress endogenous glucose production was significantly enhanced in Sirt6BAC mice compared to wild-type controls. Insulin-stimulated glucose uptake was increased in Sirt6BAC mice in both gastrocnemius and soleus muscle, but not in brain, interscapular brown adipose, or epididymal adipose tissue. Insulin-induced p-AKT/AKT ratio was increased in gastrocnemius muscle of Sirt6BAC mice compared to wild-type controls. Conclusions: Our data indicate that moderate, physiological overexpression of SIRT6 enhances insulin sensitivity in skeletal muscle and liver, engendering protective actions against diet-induced T2DM. Hence, the present study provides support for the anti-T2DM effect of SIRT6 and suggests SIRT6 as a putative molecular target for anti-T2DM treatment.
INTRODUCTION
The prevalence of obesity and T2DM has risen significantly in the last decades. According to the World Health Organization T2DM and/or obesity are estimated to affect hundreds of millions worldwide (http:// www.who.int/mediacentre/factsheets/fs311/en/ and http://www.who. int/mediacentre/factsheets/fs312/en/). Significant contributors to the rapid increase in the incidence of obesity and T2DM include recent lifestyle changes such as chronic consumption of hyper-caloric diets [1] . Unfortunately, current anti-obesity and -T2DM treatments are still suboptimal due to their side effects and the fact that long-lasting and debilitating morbidities (e.g.: heart disease, neuropathy, and hypertension) are still too often associated with these maladies [1e5] . Thus, development of more effective anti-obesity and -T2DM treatments is urgently needed. To these ends, the identification of novel molecular target(s) exerting protective effects against dietary obesity and/or T2DM is of paramount medical significance. Recent genetic and pharmacological studies have identified sirtuins, which are nicotinamide adenine dinucleotide-dependent enzymes exerting post-translational modifications of their target proteins, as potential therapeutic targets for improving HCD-induced metabolic imbalances [6e15] . SIRT6, one of the seven mammalian sirtuins, is a lysine-deacetylase and mono-ADP-ribosyl-transferase with pleiotropic effects [16] . However, the role of SIRT6 in metabolism is controversial. For example, Sirt6 knockout mice exhibit reduced adipose tissue mass and hypoglycemia [17] . SIRT6 deficiency also leads to attenuation of SIRT6-dependent transcriptional silencing resulting in increased expression of genes involved in glycolysis and glucose transport [18, 19] . Of note, secretion of tumor necrosis factor-alpha (TNF-a), which is known to exert detrimental actions on energy homeostasis and insulin sensitivity [20] , is diminished following knock-down of SIRT6 [21] . Therefore, according to these observations, systemic delivery of SIRT6 inhibitors should diminish adiposity, increase insulin sensitivity, glucose uptake and utilization, and consequently improve obesity and T2DM. However, in contrast to this notion, ubiquitous and supra-physiological overexpression of SIRT6 also leads to reduced adiposity and improved glucose metabolism in mice fed on a HCD [22] . Furthermore, adenoviral-mediated overexpression of SIRT6 in liver of diabetic mice suppresses hepatic glucose production and improves hyperglycemia [23] . Hence, these latter results suggest that systemic delivery of SIRT6 activators should bring about beneficial effects in the context of obesity and T2DM. Based on the aforementioned data, it is unclear whether means to inhibit or enhance SIRT6 protein activity should be sought in order to treat obesity and/or T2DM. Also, the tissues underlying the effect of SIRT6 on whole-body glucose homeostasis are unknown. In order to address these issues, we developed and studied a novel mouse model designed to produce eutopic and physiological overexpression of SIRT6 (Sirt6BAC mice).
MATERIAL AND METHODS

Animals
Mice were housed with chow diet and water available ad libitum in light (12-hour light/12-hour dark cycles) and temperature (20e 22 C) controlled environments. Male mice were used for all experiments. Mice in HCD cohorts were fed a 58 kcal% fat w/sucrose diet (Open Source Diet Product #D12331 Research Diets Inc.) beginning at 8 weeks of age. Care of mice was within the Institutional Animal Care and Use Committee (IACUC) guidelines, and procedures were approved by the University of Texas Southwestern Medical Center IACUC and the ethical commission of the Canton of Geneva, Switzerland.
Generation of Sirt6BAC mice
A bacterial artificial chromosome (BAC) possessing 185.7 kb (70.7 kb upstream and 109.3 kb downstream) of unmodified mouse genomic DNA sequences flanking the Sirt6 gene (BAC clone RP23-352G18, BACPAC RESOURCES, CHILDREN'S HOSPITAL Oakland, CA, USA) was purified as previously described [18] and used as template sequence for PCR reactions with the primer sets: 5 0 GACTGGGACCACACCAGAGT and 5 0 GTGAGAGCGGGAAGAGTACG; 5 0 AGGTGCCTGTGGACACTACC and 5 0 CAGGGGACACACTGGTTTCT; 5 0 CTGTCCACCTGTTGGAAGGT and 5 0 CTTCTGGGTCACCACAAGGT; 5 0 CATGAATGCTGTTTGGTTGG and 5 0 ATGCTGTAGGGTGGGAAGTG; 5 0 CCTTTGGAAAAGCAGTCAGC and 5 0 GAACTCCTGGCAAGTCGAAG; 5 0 CCACTGGGTCAGTCACACAC and 5 0 AGGACTCCACCTGGATTGTG. Upon observing the expected size of each amplicons, the purified BAC DNA was then electroporated into EL250 bacteria rendered electrocompetent as previously described [24] . loxP sequences contained in the pBACe3.6 backbone of RP23-352G18 BAC DNA were replaced via homologous recombination [25] by an ampicillin resistance gene cassette generated via PCR amplification of a PGEM-T-Easy vector template with the primer sets: 5 0 GATAAACTACCGCATTAAAGCTTATCGATGATAAGCTGTCAAACATGAG-AATTGATCCGGATATATGAGTAAACTTGGTCTGAC and 5 0 GTTAACCGGGCTGCATCCGATGCAAGTGTGTCGCTGTCGACGGTGACC-CTATAGTCGAGGCGGTATTTTCTCCTTACGCATC. The modified RP23-352G18 BAC DNA was then purified and microinjected in its circular state into pronuclei of fertilized embryos of C57Bl/6J mice using standard methods [24] . By genotyping of tail biopsies using the following primer sets 5 0 TTGCTCTTGCGGGAAGCCCG and 5 0 GATACCGAGGGCGCCGTTCG (specific to the pBACe3.6 backbone sequence of RP23-352G18); 5 0 TTGCTGCATCAGGAGGGCGC and 5 0 TCCCACAATGCCCCGCTTCG (specific to the wild-type Sirt6 allele) three mice were identified having germ-line incorporation of RP23-352G18 BAC DNA. These three Sirt6BAC mice were bred to wild-type C57Bl/6J mice establishing three distinct Sirt6BAC lines. Data shown here were obtained from the study of the line displaying two to four fold expression of SIRT6 compared to wild-type littermates. Body composition was determined monthly beginning at 8 weeks of age using the EchoMRI-100Ô quantitative nuclear magnetic resonance system providing precise measurements of whole body fat and lean mass.
Blood chemistry
Mice were singly housed in the morning (9ame12 pm) in cages with fresh bedding and access to water, but without food during this time period to ensure that the experimental measurements were not affected by postprandial effects. Fasting levels were gathered from blood samples obtained from mice fasted over-night. Glycemia measurements were taken from tail blood samples with OneTouch
Immediately following, 50 mL of blood was collected in tubes at room temperature for five minutes before placing into ice. The blood samples were then centrifuged at 2,000 Â g for 10 min at 4 C. The blood serum supernatant was then pipetted into a new tube for storage at À80 C. Blood chemistry was assessed as previously described [9, 10, 26] .
Intraperitoneal glucose and pyruvate tolerance tests
Intraperitoneal glucose tolerance tests (IPGTT) and intraperitoneal pyruvate tolerance tests (IPPTT) were performed in male, age-matched mouse cohorts with similar body weights. Mice were singly housed and fasted overnight (6pme10 am) in cages with fresh bedding and access to water, but without food during this time period to ensure that the experimental measurements were under fasting conditions. An hour before the in vivo experiment, mice were weighed to determine the dosage of glucose (1.5 g glucose per kg bodyweight) or pyruvate (2 g pyruvate per kg bodyweight) to be administered. Just prior to injecting the glucose (or pyruvate) bolus, fasting glycemia was measured from tail blood samples with an AlphaTRAK blood glucometer. The glucose (0.15 g glucose/mL 0.9% saline) or pyruvate (0.2 g sodium pyruvate/mL 0.9% saline) solution was then injected into the intraperitoneal cavity of each mouse. Blood glucose measurements were taken from tail blood samples at times indicated in the figures.
Hyperinsulinemic-euglycemic clamp
Clamp was performed in male, standard chow-fed, age-matched mice with similar body weights. 5 days prior to the experiment, mice were anesthetized using isoflurane and a catheter was surgically implanted in the right jugular vein and exteriorized above the neck as previously described [27] . Hyperinsulinemic-euglycemic clamps were then performed in these 14e16 week old, conscious, unrestrained catheterized mice. Mice were fasted 5 h prior to the start of the experiment (t ¼ 0 min). At t ¼ À120 min, an infusion of H]glucose (0.05 mCi/ min) was initiated. At t ¼ À15 and À5 min, blood samples were collected from the tail vein to measure basal blood glucose and plasma insulin as well as to calculate the rate of endogenous glucose appearance (EndoR a ) and glucose disposal (R d ). At t ¼ 0 min, a continuous insulin infusion (4 mU/kg bodyweight/min.) was used to induce hyperinsulinemia and the infusion of [3-3 H]glucose was increased to 0.1 mCi/min. Blood samples were then taken every 10 min to measure blood glucose, and 50% dextrose was infused as needed to maintain target euglycemia (120 mg/dL). This target was chosen because it was the average basal glycemia of the two groups. Additional blood samples were taken every 10 min from t ¼ 100e120 min (steady state clamp) to determine plasma insulin and calculate glucose turnover. After the blood sample was taken at t ¼ 120 min, a 13 mCi bolus of 2[ 14 C]deoxyglucose tracer was administered for the measurement of tissue-specific glucose uptake (R g ). Blood samples were obtained at t ¼ 122, 130, 137, 145 min to assess blood glucose and 2 [ 14 C]deoxyglucose specific activity. Mice were then anesthetized using chloral hydrate. Brain, interscapular brown adipose tissue, liver, epididymal white adipose tissue, gastrocnemius, and soleus muscle were flash-frozen in liquid nitrogen for storage at À80 C for further analysis. Plasma concentrations of [3- 3 H]glucose were determined following deproteinization of plasma samples with zinc sulfate and barium hydroxide. Basal glucose turnover and insulin-stimulated R d was determined as the ratio of the [3- deoxyglucose in dissected tissues and the disappearance of 2[ 14 C] deoxyglucose from blood.
Reverse phase high-performance liquid chromatography (RP-HPLC)
Blood was collected from 2-month-old male standard-diet-fed mice and then treated with 10 mL of 1% EDTA. In order to detect polyamines through RP-HPLC, blood samples underwent a dansylation procedure. 100 ml of blood (previously treated with 5% TCA to allow protein precipitation) and 1 ml of standard polyamines stock solutions (1 mg/ml) were subjected to a derivatization process with dansyl chloride according to Seiler [28] . After incubation at 40 C for 45 min with dansyl chloride, mixtures were filtered through a 0.45 mm RCmembrane (ALBET-LabScience, Dassel/Relliehausen, Germany) and injected into a HPLC apparatus (Agilent 1100) for analysis. The separation was executed on a Supelcosil LC 18 RP column (5 mm; 4,6 Â 250 mm) maintained at 35 C. The mobile phase was composed of water and methanol with the gradient elution system at a flow rate of 1.0 ml/min. The initial mobile phase contained 70% methanol for 7 min. The gradient volume of methanol was 70e75% at 7e10 min, 75e90% at 10e20 min and 90e100% at 20e25 min. The signal detection was through a Diode Array Detector (DAD) and the chromatograms were recorded at a wavelength of 253 nm. Polyamines calibration curves were obtained using dansylated polyamine standard solutions (concentrations ranging between 0.001 mg/ ml and 0.1 mg/ml). Polyamines concentration was normalized to total protein concentration obtained with Bradford assay and expressed as nmol/mg.
Statistical analyses
Data are reported as mean AE SEM. All statistical analyses were performed using Graphpad Prism Ò 6.0c software. Unpaired two-tailed ttests were employed when 2 groups were compared, and one-way ANOVA with Tukey correction for multiple comparisons were employed when 3 or more groups were compared, and repeated measures two-way ANOVA with Tukey correction for multiple comparisons were used when 3 or more groups were compared over a time-course. , and Sirt6BAC; Sirt6 À/À standard-diet-fed mice on a C57Bl/6; 129SvJ mixed genetic background (n ¼ 6e8 per group). Values are mean AE S.E.M. Statistics were analyzed using unpaired two-tailed t-test when 2 groups were compared and one-way ANOVA with Tukey correction for multiple comparisons when 3 or more groups were compared (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
RESULTS
Generation and validation of Sirt6BAC mice
To determine the role of SIRT6 on energy and glucose homeostasis, we generated genetically-engineered mice harboring bacterial artificial chromosome (BAC) DNA containing 70.7 kb upstream and 109.3 kb downstream sequences flanking the mouse Sirt6 gene (Sirt6BAC mice) ( Figure 1A) . In several tissues of Sirt6BAC mice, SIRT6 protein level was found to be two to four times greater than wild-type controls ( Figures 1B,C and S1 ), suggesting that DNA sequences contained in the BAC include the crucial transcriptional regulatory elements of the endogenous Sirt6 gene. Of note, this magnitude of SIRT6 overexpression found in Sirt6BAC mice is physiological as it approximates that which is observed in calorically restricted rodents [29] . Virtually all BAC-based transgenic approaches suffer from two major confounders that may alter gene expression and hence cause phenotypes: 1) the presence of additional coding and/or non-coding sequences contained in the large BAC DNA sequences and 2) DNA construct insertion site into the genome. As the genomic fragment used to generate Sirt6BAC mice bears additional known mouse genes (i.e.: AES, Ankrd24, BC025920, Gna11, Gna15, Tle2, and Tle6), we assessed their mRNA contents and found them to be increased in Sirt6BAC mice compared to wild-types ( Figure 1D ). Hence, to disassociate the effect of SIRT6 overexpression from the potential effect of non-SIRT6 BAC-born products and/or BAC insertion site(s) on a given phenotype, we generated an additional control genotype. This was accomplished by breeding the Sirt6BAC allele to the Sirt6 null (Sirt6 À ) allele [17] . This breeding scheme produced three experimental genotypes that were used in this study: 1) wildtype, 2) Sirt6BAC, and 3) Sirt6BAC; Sirt6 À/À mice. Of note, quantitative PCR profiling of brain, gastrocnemius and liver indicated that while AES, Ankrd24, BC025920, Gna11, Gna15, Tle2, and Tle6 mRNA levels are similarly increased in Sirt6BAC and Sirt6BAC; Sirt6 À/À mice the latter showed reduced Sirt6 mRNA level compared to the former genotype ( Figure 1D ). Also, while SIRT6 protein level is significantly increased in several tissues of Sirt6BAC mice compared to wild-type controls (Figures 1B,C and S1), it is similar between gastrocnemius of Sirt6BAC; Sirt6 À/À mice and wild-type controls ( Figure S1 ). To validate the functional competence of BAC-DNA-derived SIRT6 protein, the ability of Sirt6BAC allele to rescue the phenotypes displayed by Sirt6 À/À mice was assessed. Among other defects, Sirt6
À/À mice have increased early-postnatal mortality and reduced body length and weigh compared to wild-type mice [17] . These aberrancies were all rescued by introduction of Sirt6BAC allele in the Sirt6 null background. Indeed, while viability, body length and weight were all reduced in Sirt6 À/À mice (as predicted) all these parameters were found to be normal in Sirt6BAC; Sirt6 À/À mice (Figure 2AeC ).
Collectively, these data demonstrate that Sirt6BAC mice physiologically overexpress functionally competent SIRT6 protein.
Normal energy balance in Sirt6BAC mice
To determine the effect of physiological overexpression of SIRT6 on energy homeostasis, we measured body weight and composition of Sirt6BAC mice, and Sirt6BAC; Sirt6 À/À and wild-type controls either fed on a standard chow or on a HCD. In both feeding contexts, body weight, fat and lean mass were all similar between Sirt6BAC, Sirt6-BAC; Sirt6 À/À , and wild-type mice (Figure 3AeF ). Together, these data demonstrate that physiological overexpression of SIRT6 neither affects energy homeostasis nor protects from, or predisposes to, developing diet-induced obesity.
Improved glucose homeostasis in Sirt6BAC mice
To determine the impact of physiological overexpression of SIRT6 on glucose homeostasis, we measured several parameters of glucose metabolism in Sirt6BAC mice and controls. Data shown in Figure 4A indicate that in standard chow and HCD feeding conditions, 16-weekold Sirt6BAC mice have reduced circulating glucose levels compared to controls indicating that these mice are protected from developing diet-induced T2DM. Of note, circulating glucose levels were not different between Sirt6BAC; Sirt6 À/À and wild-type HCD-fed mice ( Figure 4A ) hence suggesting that the glycemia phenotype shown by Sirt6BAC mice is very likely the result of SIRT6 overexpression. The improved hyperglycemia concomitant with unchanged circulating fed ( Figure 4B ) and fasting (ng/mL; mean AE SEM: wildtypes ¼ 0.53 AE 0.058; Sirt6BAC mice ¼ 0.51 AE 0.02; Sirt6BAC; Sirt6 À/À mice ¼ 0.53 AE 0.060; n ¼ 9e15 per group, p > 0.05) insulin level hinted that Sirt6BAC mice may exhibit enhanced insulin sensitivity.
To further investigate the effects of SIRT6 overexpression on glucose metabolism, Sirt6BAC mice and controls were assessed for pyruvate and glucose tolerance. In both feeding conditions, Sirt6BAC mice exhibited reduced glycemic excursions during these tests ( Figure 4CeF ). Of note, the improved pyruvate and glucose handling were more pronounced in the HCD feeding context. These phenotypes of Sirt6BAC mice are very likely the result of SIRT6 overexpression because Sirt6BAC; Sirt6 À/À mice displayed intermediate degrees of glycemic excursions during these tests (Figure 4CeF ). Collectively, our data indicate that physiological overexpression of SIRT6 reduces glycemia and improves the glucose imbalance brought on HCD feeding. 3.4. Enhanced insulin sensitivity in liver and skeletal muscle of Sirt6BAC mice One possible explanation for the improved glucose homeostasis displayed by Sirt6BAC mice is enhanced insulin sensitivity. To directly test this hypothesis, hyperinsulinemic-euglycemic clamp assays were performed. During the clamp, insulin was infused to achieve hyperinsulinemia while D-glucose was infused through the same intravenous line at modulated rates to maintain euglycemia. In agreement with the aforementioned data suggestive of increased insulin sensitivity of Sirt6BAC mice, the glucose infusion rate (GIR) ( Figure 5A ) needed to clamp euglycemia ( Figure 5B ) was greatly increased in chow-fed Sirt6BAC mice compared to wild-type littermates. Basal endogenous glucose appearance rate (EndoR a ) ( Figure 5C ) and basal glucose disposal rate (R d ) ( Figure 5D ) were not significantly different between Sirt6BAC mice and wild-type controls. During the clamp however, the ability of insulin to suppress endogenous glucose production was significantly enhanced in Sirt6BAC mice compared to wild-type controls ( Figure 5C ). Insulin-stimulated glucose disposal was also increased in Sirt6BAC mice compared to wild-type controls ( Figure 5D ). To determine the relative contributions of certain tissues to glucose disposal, the amounts of exogenously administered radiolabeled glucose analog 2[ 14 C]deoxyglucose were measured in several tissues.
As shown in Figure 5E , insulin-stimulated glucose uptake was enhanced in Sirt6BAC mice in both gastrocnemius and soleus muscle, but not in brain, interscapular brown adipose, or epididymal adipose tissue. The whole-body glycolytic rate as percent of glucose disposal ( Figure 5F ) was not found to be significantly different between genotypes. Overall, these data demonstrate that insulin sensitivity is selectively augmented in liver and skeletal muscle of Sirt6BAC mice. To independently assess in vivo insulin sensitivity, we used a wellestablished biochemical approach. The level of phosphorylated AKT (p-AKT) following a bolus of insulin has been used as measure of the ability of the hormone to activate its receptor [10] . Intraperitoneal insulin administration enhanced p-AKT/AKT ratio in gastrocnemius of Sirt6BAC, Sirt6BAC; Sirt6 À/À , and wild-type mice ( Figure 6A,B) . Of note, while the ability of insulin to induce phosphorylation of AKT was significantly increased in gastrocnemius of Sirt6BAC compared to wildtype mice ( Figure 6A) , it was not different between Sirt6BAC; Sirt6 À/À and wild-type controls ( Figure 6B ). These results are in keeping with data shown in Figure 5E and further support the idea that SIRT6 overexpression drives enhanced insulin sensitivity in Sirt6BAC mice.
Increased spermidine content in blood of Sirt6BAC mice
To gather insights on potential mechanisms by which SIRT6 overexpression boosts insulin sensitivity we surveyed hepatic gene expression and whole-blood polyamine content by qPCR and RP-HPLC, respectively. Our results indicate increased mRNA content of the glycolytic enzymes ATP-dependent 6-phosphofructokinase (PFKL) and liver-type pyruvate kinase (LPK) in liver of Sirt6BAC mice compared to wild-types ( Figure S2 ). Furthermore, our data indicate increased mRNA content of Elovl6, Acetyl-CoA carboxylase-b (ACCb), and Fatty acid transport protein 5 (FATP5) in liver of Sirt6BAC mice compared to wild-types ( Figure S2 ). However, we found no difference in serum triglyceride level between 16 and 20-week-old Sirt6BAC and wild-type mice fed on a standard diet (ng/dL; mean AE SEM: wild-types ¼ 146 AE 12; Sirt6BAC mice ¼ 139 AE 16; serum was collected from mice that were fasted over-night, n ¼ 6 per group, p > 0.05).
Due to important role of polyamines on energy metabolism [30] , we also assessed their level and found that total polyamines and spermidine contents are significantly higher in blood of Sirt6BAC mice compared to wild-types ( Figure 7A,B) . Collectively, these results suggest that SIRT6 overexpression improves glucose/insulin homeostasis in part by enhancing circulating spermidine contents and hepatic glucose and lipid metabolism.
DISCUSSION
Due to the staggering number of people suffering from defects in energy and glucose homeostasis and the shortcomings of current therapies, there is a pressing need for developing better approaches for the treatment of obesity and T2DM [1] . Several genetic studies have recently provided support for the idea that activation of SIRT1 (one of three mammalian nuclear sirtuin members) leads to improved metabolic homeostasis in the context of hyper-caloric feeding [8e11,31e 34]. However, the role of another nuclear-localized sirtuin, namely SIRT6, in metabolism is controversial. Indeed, Sirt6 loss-and gain-offunction studies have brought about counterintuitive and outwardly incongruent results, rendering it difficult to determine whether activation or inhibition of SIRT6 would result in beneficial metabolic outcomes [17e19,21e23,35]. These apparently paradoxical findings may be the result of the following non-mutually exclusive possibilities: i) reduced glycemia and body adiposity displayed by Sirt6 null mice may not be direct consequence of SIRT6 deficiency, but secondary effects due to other serious abnormalities (e.g.: colitis, lymphopenia, etc.) caused by this mutation [17] , ii) reduced glycemia and body Original article All mice were fasted 5 h before insulin or saline injection. All mice were age-matched and fed on a standard diet. Error bars represent s.e.m. Statistical analyses were done using two-tailed unpaired Student's t test. *P < 0.05; ***P < 0.001.
adiposity displayed by SIRT6-overexpressor mice may be due to inherent confounding effects of the unnatural chicken bActin promoter/ CMV enhancer-driven regulation of Sirt6 expression in these mutants [22] .
To gather insights about the effects of systemic and moderate activation of SIRT6, we genetically-engineered mice that eutopically and physiologically overexpress SIRT6. As the exogenously introduced Sirt6 gene was under the control of its own natural promoter, SIRT6 overexpression in these Sirt6BAC mice mimicked SIRT6 expression in calorically restricted rodents (Figures 1 and S1 ) [29] . Importantly, the approach we used is strikingly different from the one Kanfi and colleagues employed. In fact, in the Kanfi and colleagues' model, the artificial chicken bActin promoter/CMV enhancer drives Sirt6 expression at non-physiological levels and probably in cell-types that would not normally express SIRT6 [22] . These shortcomings cast doubt on the interpretations of results gathered from this mutant. It is also important to note the limitations of our Sirt6BAC mouse model. The major caveat of this method is the presence of large genomic sequences flanking the mouse Sirt6 gene ( Figure 1A ). While these large sequences are needed for Sirt6 transcriptional fidelity, they also contain other known genes whose expression was also found to be increased in Sirt6BAC mice ( Figure 1D Our study indicates that SIRT6 overexpression underlies the improved glucose/insulin profiles displayed by Sirt6BAC mice. This conclusion mainly rests on the following five observations: i) glycemia is significantly decreased in Sirt6BAC compared to wild-type HCD-fed mice; however, this phenotype is not displayed by Sirt6BAC; Sirt6 À/À mice ( Figure 4A) , ii) following a bolus of glucose, the glycemic level over time is significantly decreased in Sirt6BAC compared to wild-type mice; however, this phenotype is not displayed by Sirt6BAC; Sirt6 À/ À mice ( Figure 4C ), iii) following a bolus of glucose, the glycemic level over time is significantly decreased in Sirt6BAC compared to wild-type HCD-fed mice; however, this phenotype is displayed at an intermediate degree by Sirt6BAC; Sirt6 À/À mice ( Figure 4D) ; iv) following a bolus of pyruvate, the glycemic level over time is significantly decreased in Sirt6BAC compared to wild-type HCD-fed mice; however, this phenotype is displayed at an intermediate degree by Sirt6BAC; Sirt6 À/ À mice ( Figure 4F ), v) the ability of insulin to induce phosphorylation of AKT is significantly increased in gastrocnemius of Sirt6BAC mice compared to wild-type controls; however, this phenotype is not displayed by Sirt6BAC; Sirt6 À/À mice ( Figure 6 ).
It is worth noting that some of our data are somewhat unexpected. For example, data shown in Figure 5D ,E indicate that insulin-stimulated glucose disposal is enhanced in Sirt6BAC mice relative to wild-type controls. This is unexpected considering that loss of SIRT6 causes A B Figure 7 : Sirt6BAC mice exhibit enhanced spermidine level in blood. (A) Total polyamine content and (B) polyamine profile of putrescine (Put), spermidine (Spd), and spermine (Spm) in whole blood of 2-month-old wild-type (n ¼ 12) and Sirt6BAC (n ¼ 7) mice fed on a standard diet. Error bars represent s.e.m. Statistical analyses were done using two-tailed unpaired Student's t test. *P < 0.05.
enhanced glucose transporter-1 and -4 (GLUT1 and GLUT4) membrane localization and cell-autonomous glucose uptake [18, 36] . The fact that our Sirt6BAC mice do not display changes in body adiposity ( Figure 3) is not in keeping with Kanfi and colleagues' results as their Sirt6 overexpressor model displays changes in this parameter [22] . While future studies may be needed to explain these differences, we suggest that these are the results of the different level and/or tissue distribution of Sirt6 overexpression between our and Kanfi and colleagues' model [22] . In this study, we also attempted to shed light on potential mechanisms underlying the beneficial effect of SIRT6 on glucose homeostasis. Our results indicate that these pathways include increased circulating spermidine level and enhanced insulin sensitivity in liver and skeletal muscle (Figures 5e7). Of note, the improved hepatic insulin sensitivity of Sirt6BAC mice is in keeping with data indicating that SIRT6 inhibits the activity of the gluconeogenic co-transcription factor peroxisome proliferator-activated receptor-g coactivator 1-a and with the fact that SIRT6 overexpression in liver improves hyperglycemia in diabetic mice [23] . SIRT6 has recently been shown to interact with proteins of the circadian core complex (e.g.: CLOCK and BMAL1) and to regulate expression of several clock-controlled genes [35] . Considering the important role of the circadian clock on metabolic homeostasis [37] , it is formally possible that changes in circadian clock function in liver and skeletal muscle underlie the improved insulin sensitivity shown by Sirt6BAC mice. To fully determine the role of SIRT6 gain-of-function in specific tissues, future studies in tissue-restricted SIRT6 overexpressor mice are warranted.
CONCLUSIONS
In summary, our data indicate that moderate, physiological overexpression of SIRT6 enhances insulin sensitivity in skeletal muscle and liver, engendering protective actions against diet-induced T2DM. Hence, the present study provides support for the anti-T2DM effect of SIRT6 and may pave the way for the development of SIRT6 agonists aimed at treating T2DM.
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